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Edited by Peter BrzezinskiAbstract Mitochondrial ATP-regulated potassium (mitoKATP)
channels play an important role in cardioprotection. Single chan-
nel activity was measured after reconstitution of inner mitochon-
drial membranes from bovine myocardium into a planar lipid
bilayer. After incorporation, the potassium channel was recorded
with a mean conductance of 103 ± 9 pS. The channel activity
was inhibited by ATP/Mg and activated by GDP. Magnesium
ions alone aﬀected, in a dose dependent manner, both the channel
conductance and the open probability. Magnesium ions regulated
the mitoKATP channel only when added to the trans compart-
ment. We conclude that Mg2+ regulates the cardiac mitoKATP
channel from the matrix site by aﬀecting both the channel con-
ductance and gating.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Potassium selective channels are present in the inner mito-
chondrial membrane [1,2]. In cardiac mitochondria an ATP-
regulated potassium channel (mitoKATP channel) [3] and a
large conductance Ca2+-activated potassium channel (mi-
toBKCa channel) [4] have been identiﬁed. MitoKATP channels
were also found in liver [5], brain [6,7], skeletal muscle [8], and
human T-lymphocyte mitochondria [9]. Both the mitoKATP
and mitoBKCa channels are regulated by potassium channel
openers [10–12], of which diazoxide seems to be an especially
potent activator of the mitoKATP channel [13].
The molecular identity of the mitoKATP channel is unknown
[1]. Several observations on the pharmacological proﬁle and
immunoreactivity with speciﬁc antibodies may suggest that
the mitoKATP channel belongs to the inward rectiﬁer K
+ chan-
nel family – Kir6.x [14]. Using speciﬁc antibodies, Kir6.1,
Kir6.2, and sulfonylurea receptor (SUR2A) subunits were
demonstrated in ventricular myocyte mitochondria [15]. Re-
cently, it was hypothesized that a complex of ﬁve proteins inAbbreviations: mitoKATP channel, mitochondrial ATP-regulated
potassium channel; 5-HD, 5-hydroxydecanoic acid; SMP, submito-
chondrial particles
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K+ with characteristics similar to those of the mitoKATP chan-
nel [16,17]. Similar to the plasma membrane KATP channel, mi-
toKATP is probably composed of sulfonylurea receptor
(mitoSUR). The usage of 125I-glibenclamide lead to labeling
of 28 kDa protein in bovine heart mitochondria [18,19]. Fluo-
rescent probe BODIPY-glibenclamide labeled a 64 kDa pro-
tein in brain mitochondria [7].
The primary function of the mitoKATP channel is to allow
K+ transport into the mitochondrial matrix. This phenomenon
could be involved in mitochondrial volume homeostasis [20].
The mitoKATP channel activity is probably coupled to the cel-
lular energetic state via its inhibition by ATP and ADP [21].
Additionally, the channel is blocked by palmitoyl- or oleyl-
CoA [37] and activated by GTP and GDP [37]. The cardiac mi-
toKATP channel plays an important role in cardioprotection
(for reviews, see [11,20,22–24]). Cytoprotective action of potas-
sium channel openers acting on mitochondria was also
observed in a neuronal system [25].
The majority of observations concerning regulation of the
mitoKATP channel is based on modulation by channel inhibi-
tors and potassium channel openers of mitochondrial function
such as matrix volume, mitochondrial potential, or oxygen
consumption [3,6,8]. Another approach is based on K+ ﬂux
measurements with the use of potassium speciﬁc ﬂuorescent
dyes [3,7,13] or radioactive 86Rb+ isotope, a K+ analogue
[26]. Recently, reconstitution of the mitoKATP channel allow-
ing single channel recordings was applied successfully to study
new properties of the mitoKATP channel [26–28]. Addition of
xanthine/xanthine oxidase, an O2 -generating system, resulted
in a marked activation of the mitoKATP channel, further abol-
ished by 5-hydroxydecanoic acid (5-HD) or a sulfhydryl alkyl-
ating compound, N-ethylmaleimide [27]. Moreover, a direct
activation of the mitoKATP channel by the anesthetic isoﬂu-
rane was observed [28]. Recently, inhibition of the cardiac mi-
toKATP channel by quinine was described [26].
Magnesium ions have been known for many years to aﬀect
cation transporting pathways in mitochondria [29]. These in-
clude both K+ and Na+ uniporters [29] and K+/H+ exchanger
[30]. Mitochondrial potassium transport plays an essential role
in maintaining mitochondrial matrix volume, due to matrix
swelling or contraction, and mitochondrial cell signaling by
means of reactive oxygen species or cytochrome c release [30].
In our experiments, we used puriﬁed mitochondrial inner
membrane reconstituted into a planar lipid bilayer in order
to study the eﬀects of Mg2+ of the cardiac mitoKATP channel
activity. Here, we show that Mg2+ interact with the mitoKATP
channel aﬀecting both the channel conductance and the openblished by Elsevier B.V. All rights reserved.
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KATP channel is regulated by magnesium from the matrix side.2. Materials and methods
2.1. Materials
L-a-Phosphatidyl-choline (asolectin), n-decane and protease (Subtil-
isin A, P5380) from Bacillus licheniformis were from Sigma–Aldrich,
Germany. All other chemicals were of the highest purity available
commercially.
2.2. Isolation of mitochondria
Bovine heart mitochondria were isolated at 4 C as described earlier
[27]. Brieﬂy, a fragment of bovine heart muscle was minced in isolation
buﬀer (200 mM mannitol, 50 mM sucrose, 5 mM KH2PO4, 5 mM
MOPS, 0.1% BSA, and 1 mM EGTA, pH 7.15) and homogenized with
25 U protease/gram tissue using a teﬂon pestle. The homogenate was
then centrifuged at 8000 · g for 10 min to remove the protease. The
pellet was resuspended in the isolation buﬀer and centrifuged again
at 700 · g, for 10 min. to remove cellular debris. The supernatant
was centrifuged at 8000 · g for 10 min. at 4 C to pellet the mitochon-
dria. The mitochondria were then washed and suspended in the isola-
tion buﬀer without EGTA. The suspension was loaded on top of
Percoll solution (30% Percoll, 0.25 M sucrose, 1 mM EDTA, and
10 mM HEPES, pH 7.4) and centrifuged at 35000 · g for 30 min.
The mitochondrial fraction was then collected and washed twice with
the isolation buﬀer without EGTA and resuspended at 10–20 mg of
protein/ml.
2.3. Preparation of submitochondrial particles
Freshly prepared mitochondria were sonicated 8 · 15 s and centri-
fuged at 16000 · g for 15 min to pellet unbroken mitochondria. The
supernatant was again centrifuged at 140000 · g for 35 min and sub-
mitochondrial particles (SMP) were resuspended in the isolation buﬀer
without EGTA at 5 mg of protein/ml. The polarity of SMP vesicles
was estimated to be 40–50% outside-out (depending on the prepara-
tion), using cytochrome c oxidase activity measurements.
2.4. Black lipid membrane measurements
Black lipid membranes (BLMs) were formed in a 250 lm diameter
hole drilled in a Delrin cup (Warner Instrument Corp., Hamden,
CT, USA), which separated two chambers (cis and trans 1 ml internal
volume). The chambers contained 50/150 mM KCl (cis/trans), 20 mM
Tris–HCl, pH 7.2. The outline of the aperture was coated with a lipid
solution and N2 dried prior to bilayer formation to improve membrane
stability. BLMs were painted using asolectin in n-decane at a ﬁnal con-
centration of 25 mg lipid/ml. Bovine heart SMP (1–5 lg of protein)
was added to the 1 ml trans compartment (Fig. 1D). Incorporation
of the mitoKATP channel into the BLM was usually observed within
few minutes. All measurements were carried out at air conditioned
room (24 C). Formation and thinning of the bilayer was monitored
by capacitance measurements and optical observations. The ﬁnal ac-
cepted capacitance values ranged from 110 to 180 pF. Electrical con-
nections were made by Ag/AgCl electrodes and agar salt bridges
(3 M KCl) to minimize liquid junction potentials. Voltage was applied
to the cis compartment of the chamber and the trans compartment was
grounded. The current was measured using a bilayer membrane ampli-
ﬁer (BLM-120, BioLogic). For removing the solutions from the cis or
trans compartments we used a perfusion system containing a holder
with glass tip, perfusion pump (sp260p syringe pump, USA), glass syr-
inge (FORTUNA OPTIMA Glasspritze, Aldrich) and teﬂon tubing
(C-FLEX TUBING, Sigma).
2.5. Data analysis
Signals were ﬁltered at 500 Hz. The current were digitized at a sam-
pling rate of 100 kHz (A/D converter PowerLab 2/20, ADInstruments)
and transferred to a PC or digital tape recorder (DTR-1204, BioLogic)
for oﬀ-line analysis by Chart v4.2.3 (PowerLab ADInstruments) and
pCLAMP8 (Axon Laboratory). The pCLAMP8 software package
was used for data processing. The channel recordings illustrated are
representative of the most frequently observed conductances underthe given conditions. The conductance was calculated from the cur-
rent–voltage relationship. The probability of channel opening
(P(open)) was calculated with an automatic interval setting. The chan-
nel open (sopen) and closed (sclosed) lifetimes were calculated from log-
arithmic binning mode using the Marquardt-LSQ ﬁtting method,
order one, without weighting. n denotes the number of experiments,
and N the number of events. sopen, sclosed, P(open) were calculated
from segments of continuous recordings lasting 60 s and with
N P 1000 events. Data from the experiments are reported as mean va-
lue or values ± S.E. (standard error) or S.D. (standard deviation). The
permeability ratios for K+ and Cl were calculated according to the
Goldman–Hodgkin–Katz voltage equation [31]:
Erev ¼ RTzF ln
½Clcis þ ðPK=PClÞ½Ktrans
½Cltrans þ ðPK=PClÞ½Kcis
; ð1Þ
where Erev is the potential at which the current is zero, R is the gas con-
stant, T is temperature in Kelvin, z = 1 (chloride anion charge), F is
Faradays constant, Pion is the permeability of the ion, and [ion] is the
respective concentration of the ion in the cis and trans chambers. We
can rewrite Eq. (1) as
PK=PCl ¼ n½Cltrans  ½Clcis½Ktrans  n½Clcis
; ð2Þ
where
n ¼ exp  zFErev
RT
 
:2.6. Protein concentration assay
Protein concentration of SMP particles preparations were measured
the Bio-Rad Protein Assay kit according to the instruction of the
manufacturer.3. Results
3.1. Single channel properties of the mitoKATP channel
A preparation of the inner mitochondrial membrane was
reconstituted into BLM and current changes characteristic
for an ion channel were observed (n = 23). Fig. 1A single chan-
nel recording in a 50/150 mM KCl (cis/trans) gradient at 0 mV
before and after channel incorporation (arrow) into BLM are
shown. Current–time traces were recorded in the 50/150 mM
KCl (cis/trans) gradient at diﬀerent voltages (Fig. 1B). Fig.
1C shows current–voltage relationships for single channel
opening at diﬀerent voltages under gradient conditions. The
reversal potential measured in the 50/150 mM KCl gradient
was equal to 25 mV and this proved that the examined channel
was cation-selective. The mean reversal potential calculated
after curve ﬁtting to the experimental data was equal to
25.9 ± 2.5 mV allowing calculation of the examined channel
permeability PK/PCl at 19.3 (see Section 2). Substances known
to modulate the mitoKATP channel activity were also used to
examine the properties of the ion channel studied.
Addition of 500 lM ATP/Mg2+ inhibited the channel activ-
ity (Fig. 2A). The eﬀect was reversed by addition of a potas-
sium channel opener – diazoxide; moreover, potassium
channel inhibitors such as 5-HD and glibenclamide inhibited
the channel activity (data not shown). Addition of HMR
1098, an inhibitor speciﬁc for plasma membrane KATP chan-
nels [32,33] had no inﬂuence on the channel activity (data
not shown). We have recently described the pharmacological
proﬁle of the potassium channel activity under investigation
[26].
The eﬀect of ATP/Mg2+ complex and ATP on single
channel activity was examined. Fig. 2A shows single chan-
Fig. 1. Single channel recordings of bovine heart mitoKATP channel in planar lipid bilayer. (A) Single channel recordings in 50/150 mM KCl (cis/
trans) gradient before and after reconstitution of SMP vesicles (arrow) at 0 mV. – indicates the closed state. (B) Single channel recordings in 50/
150 mM KCl (cis/trans) gradient at diﬀerent voltages (n = 23). (C) Current–voltage characteristics of single channel events in 50/150 mM KCl
gradient. (D) Conﬁguration of the cis and trans compartments used in the experiments. Reconstitution of the inner mitochondrial membrane into a
planar lipid bilayer was performed as described under Section 2.
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30 mV before and after addition of 1 mM Mg2+ + 500 lM
ATP to the cis compartment. The addition of ATP/Mg2+
inhibited the channel activity only in cis compartment
within 10 min. The channel activity was not inﬂuenced by
ATP/Mg2+ added to the trans side. The inhibitory eﬀect
of ATP–Mg2+was further reversed by addition of 600 lM
GDP (cis). In the lower panel, the eﬀects are also seen from
the amplitude histograms ﬁtted with Gaussian curves calcu-
lated from the same single channel recordings. Interestingly,
the channel activity was not aﬀected by application of
500 lM ATP (without the presence of magnesium ions) to
the cis compartment (Fig. 2B). The experiments described
above proved that the potassium channel observed after
incorporation of SMP vesicles in BLM was in fact the mi-
toKATP channel.
In further experiments the eﬀects of Mg2+ were studied.
Fig. 3A shows single channel recordings in 50/150 mM KCl
(cis/trans) gradient at 30 mV under control conditions andafter addition of 1 mM Mg2+. After addition of 1 mM Mg2+
to the trans compartment were observed changes both in the
current amplitude and open probability. Addition of 1 mM
Mg2+ to the cis compartment was without eﬀect on the mito-
KATP channel activity (Fig. 3A). The open probability
(P(open)) of the mitoKATP channel in 50/150 mM KCl (cis/
trans) gradient at 30 mV under control conditions, after
addition of 1 mM Mg2+ and after perfusion in the trans com-
partment are shown in Fig. 3B, left panel. We observed that
P(open) increased from 0.71 ± 0.14 to 0.94 ± 0.15 in the pres-
ence of 1 mM MgCl2 in the trans compartment. The right-
hand panel of Fig. 3B shows the current amplitude of the
mitoKATP channel in 50/150 mM KCl (cis/trans) gradient at
30 mV under control conditions, after addition of 1 mM
Mg2+ and after perfusion in the trans compartment. The
amplitude decreased from 5.4 ± 0.6 pA to 2.2 ± 0.8 pA after
1 mM MgCl2 was added to the trans compartment. Fig. 3C
shows the mean open and closed time distribution of the
mitoKATP channel in 50/150 mM KCl (cis/trans) gradient at
Fig. 2. ATP, ATP/Mg2+ and GDP/Mg2+ aﬀect the activity of the mitoKATP channel. (A) Single channel recordings in 50/150 mM KCl (cis/trans)
gradient at 30 mV under control conditions and after addition of 1 mM Mg2+ + 500 lM ATP (cis) as well as in the presence of 1 mM Mg2+,
500 lMATP (cis) and after addition of 600 lMGDP (cis) (n = 5). Shown below are amplitude histograms ﬁtted with superimposed Gaussian curves.
(B) Single channel recordings in 50/150 mM KCl (cis/trans) gradient at 30 mV under control conditions and after addition of 500 lM ATP (cis)
(n = 5). Shown below are amplitude histograms ﬁtted with superimposed Gaussian curves. – indicates the closed state of the channel. O, open state;
C, closed state.
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ms, and the mean closed time decreased from 12 ± 2 to 5 ± 2
ms upon addition of 1 mM Mg2+ to the trans compartment.
Fig. 4A presents single channel recordings in 50/150 mM
KCl (cis/trans) gradient at diﬀerent voltages under control
conditions and after addition of 1 mM Mg2+ to the trans com-
partment (Fig. 4A). Fig. 4B shows the current–voltage charac-
teristics of single channel events in 50/150 mM KCl gradient
under control conditions and after addition of 1 mM Mg2+
to the trans compartment. It shows that the K+ current ampli-
tude was changed by Mg2+ addition only at negative voltages.In the presence of 1 mM MgCl2 in the trans compartment, the
mitoKATP channel conductance decreased from 110 ± 6 to
60 ± 5 pS in 50/150 mM KCl gradient only at negative volt-
ages.
Fig. 5A presents single channel recordings in 50/150 mM
KCl (cis/trans) gradient at 30 mV under control conditions
and after addition of 10 M, 1 mM and 10 mM MgCl2 (trans).
The dose–response curve of the K+ current amplitude after
MgCl2 addition to (trans) is shown in Fig. 5B. The K
+ current
amplitude of the mitoKATP channel decreases from 5.2 ± 0.6
pA at the control conditions to 0.0 ± 0.5 pA in the presence
Fig. 3. Mg2+ aﬀects the activity of the mitoKATP channel. (A) Single channel recordings in 50/150 mM KCl (cis/trans) gradient at 30 mV under
control condition, after addition of 1 mM Mg2+, and after subsequent perfusion in two other experiments. MgCl2 was added only to the cis (n = 5)
and or only to the trans (n = 10) compartment. – indicates the closed state. (B) Left panel shows open probability (P(open)) of mitoKATP channel in
50/150 mMKCl (cis/trans) gradient at 30 mV under control conditions, after addition of 1 mMMg2+ to the trans compartment and after perfusion.
The results are presented as mean ± S.D. (n = 3). *P < 0.01 vs. control. At right panel were shown current amplitude of mitoKATP channel in gradient
50/150 mM KCl (cis/trans) solution at 30 mV under control condition, after addition of 1 mMMg2+ to the trans compartment and after perfusion.
The results are presented as mean ± S.D. (n = 3). **P < 0.001 vs. control. (C) Open and closed dwell time distribution in 50/150 mM KCl (cis/trans)
gradient at 30 mV under control conditions, after addition of 1 mM Mg2+ and after perfusion in trans compartment. The results are presented as
means ± S.E. (n = 3). *P < 0.05 vs. control.
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+
current amplitude of the mitoKATP channel with an EC50 value
of 0.99 ± 0.02 mM.4. Discussion
Magnesium ions regulate the cation transporting systems
present in the inner mitochondrial membrane [29]. Reduc-
tion of surface-bound magnesium induces Na+ uniport[34], while depletion of intramitochondrial magnesium un-
masks K+ uniport and K+/H+ antiport [30]. Regulation of
K+ traﬃc through the inner mitochondrial membrane con-
trols changes of mitochondrial matrix volume which, in
turn, play a regulatory role in mitochondrial metabolism
(for a review see [35]). There are strong indications that
the mitoKATP channel may be responsible, at least partially,
for the K+ uniport activity playing a role in mitochondrial
volume homeostasis [36]. Hence, we have decided to study
the eﬀects of magnesium on channel activity of cardiac
mitoKATP.
Fig. 4. Single channel recordings of the mitoKATP channel activity in
planar lipid bilayer at diﬀerent voltages. (A) Single channel recordings
in 50/150 mM KCl (cis/trans) gradient at diﬀerent voltages under
control and after addition of 1 mM Mg2+ in trans compartment
(n = 3). (B) Current–voltage characteristics of single channel events in
50/150 mM KCl gradient under control condition (solid lines, d) and
after addition of 1 mMMg2+ in the trans compartment (solid lines,m).
– indicates the closed state.
Fig. 5. Eﬀect of Mg2+ on the activity of mitoKATP channel. (A) Single
channel recording in 50/150 mM KCl (cis/trans) gradient at 30 mV
under control conditions and after addition of 10 lM, 1 mM and
10 mM MgCl2 to trans compartment (n = 3). – indicates the closed
state. (B) The dose–response curve for Mg2+ inhibition of K+ current
amplitude. Magnesium was added to the trans compartment.
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gested by previous observations based on ﬂux and binding
measurements [3,18,37]. First, with the use of proteoliposomes
and ﬂux assay it was shown that Mg2+ was required for ATP
inhibition [3]. Also inhibition of the mitoKATP channel by
long-chain acyl-CoA esters, like inhibition by ATP, exhibited
an absolute requirement for Mg2+ [38]. Second, magnesium re-
duced the inhibitory potency of glibenclamide to block the car-
diac mitoKATP channel [3]. Third, it was shown that Mg
2+
caused also an increase in the total and speciﬁc binding of
[3H]glibenclamide to the inner mitochondrial membrane [19].
In summary, magnesium alone had no eﬀect in the absence
of ATP on the mitoKATP channel activity measured with the
use of proteoliposomes and the ﬂuorescent, potassium selec-
tive, probe PBFI. The lack of an eﬀect of Mg2+ on the channel
activity described by Paucek et al. [3] diﬀers from the conclu-
sions drawn from studies in intact mitochondria showing that
the K+ electrogenic uptake via K+ uniport is blocked by mag-
nesium ions [38,39].
Measuring single channel activity with the BLM technique
gave us a unique opportunity to study the regulation of mito-
KATP from both sides of the membrane (cis or trans). In this
paper, we have shown that Mg2+ directly aﬀects the mitoKATP
channel activity. First, it increases, in the milimolar concentra-tion range, the open probability of the mitoKATP channel. Sec-
ond, it decreases the K+ current amplitude so that at high
doses of Mg2+, we were not able to detect any K+ current.
The observed eﬀects were reversed upon removal of Mg2+.
Interestingly, the Mg2+ eﬀects were asymmetric, i.e., they were
observed only upon application of Mg2+ from the trans side.
Because the eﬀect of magnesium was observed only from the
trans side of the BLM system it was likely that the magnesium
regulatory site of the mitoKATP channel exhibits polarity, i.e.,
it faces the matrix or ‘‘cytosolic’’ side. Previously, it was shown
that the inhibitory site for ATP/Mg2+ faces the ‘‘cytosolic’’ side
of mitochondria [40]. Using the BLM system we have observed
ATP/Mg inhibition [3] and GDP activation [37] of the mito-
KATP channel only from the cis side. Hence, we assumed that
the cis side represents the ‘‘cytosolic’’ side of mitochondria
[40]. The regulation of the mitoKATP channel by magnesium
was observed only from the side opposite to that of ATP/Mg
action, i.e., from the trans side. This strongly suggests that
magnesium ion regulates the mitoKATP channel from the ma-
trix side of mitochondria (Fig. 6). This is in agreement with the
observations that Mg2+ matrix (but not surface) depletion in-
duces a K+-selective electrogenic transport in the inner mito-
chondrial membrane [38,39]. However, rigorous proofs of
our postulate will require conﬁrmation from studies on intact
mitochondria. The above assumption on the site of Mg2+ ac-
tion will also lead to the conclusion that submilimolar concen-
tration of free Mg2+ would cause rectiﬁcation of mitochondrial
potassium current: the outward (out of matrix) potassium cur-
rent will be lower than the inward one.
Additional to the lowering of the channel conductance by
Mg2+, an increase in the open probability of the mitoKATP
Fig. 6. Schematic representation of the regulation of the mitoKATP
channel by ATP/Mg2+ and Mg2+. Activation is indicated as ¯ and
inhibition as §.
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by measuring the activity of plasma membrane potassium
channels. For example, magnesium ions increased the open
probability and reduced the current amplitude of retinal glial
cell Ca2+-activated K+ channels [41]. Recently, modulation
of the mitoKATP channel by Ca
2+ in lymphocytes was de-
scribed [9]. The calcium ions alone inﬂuenced neither open
probability nor the burst frequency of the mitoKATP channel.
Only the presence of ATP and the initial calcium (before ATP
application), modulated the behavior of the mitoKATP channel
was observed [9]. This conclusion suggest that the mitoKATP
channel posses calcium binding site, similar as the mitoBKCa
channel described in cardiac [4] and glioma cells mitochondria
[42].
Mitochondria can take up and extrude Mg2+, for example
via a cAMP-dependent pathway for fast release of mitochon-
drial Mg2+ that might be hormonally regulated [43]. In conclu-
sion, the results of our investigations support the concept that
magnesium ions interfere with the mitoKATP channel by aﬀect-
ing its conductance and open probability. This poses the ques-
tion regarding the role that the magnesium regulation of the
mitoKATP channel plays in metabolic regulation via mitochon-
drial matrix volume changes.
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